Antibody levels specific for capsular polysaccharides of Streptococcus pneumoniae and Haemophilus influenzae type b (Hib) and for tetanus toxoid were measured in serum samples of 386 age-stratified subjects. The study group consists of healthy adult blood donors and hospitalized children undergoing elective surgery, excluding individuals with a history of infection. In children, anti-tetanus toxoid antibody levels displayed two peaks of 1.20 IU/ml (20.4 mg/liter) and 1.65 IU/ml (28.1 mg/liter) related to the schedule of routine childhood immunization in the first year and at 8 years of age. Eighty percent of the antibodies are of the immunoglobulin G1 (IgG1) isotype. For pneumococcal capsular polysaccharide (PCP), the specific antibody levels represent the acquisition of natural immunity. The initial concentration of 9.2 mg/liter was low in infancy (0.5 to 1 years of age) and remained low until 3 to 4 years of age (14.6 mg/liter). During this period PCP antibodies were almost 100% of the IgG2 subclass. Thereafter, IgG anti-PCP antibody titers increased steadily to adult levels (59.5 mg/liter). The data are intended to provide reference ranges to aid in the interpretation of specific antibody determinations in the clinical setting.
Serum-specific antibody levels are widely used as indicators of immune competence (25, 31) . Interpretation of the results may be difficult. Although patients with congenital immunodeficiencies, such as common variable immunodeficiency (1, 7), selective immunoglobulin G (IgG) subclass deficiency (2, 8) , and selective antibody deficiency with normal immunoglobulins (2), often have low levels of serum antibodies, many subjects with normal immune function also have low levels of serum-specific antibodies. A physiological delay of the immune response, especially to polysaccharide capsular antigens, a lack of immunization and, in addition, a decrease in specific antibody titers with time (11, 18) determine the outcome of serumspecific antibody measurements. Furthermore, in recent years the routine vaccination schedule has changed. In particular, Haemophilus influenzae type b (Hib) conjugate was introduced (36) . Moreover, routine enzyme-linked immunosorbent assay (ELISA) test kits became available that allow specific antibodies to be assigned to IgG subclasses. The present study was designed to establish the pattern of specific antibody responses to polysaccharide and protein antigens in a large cohort of healthy subjects from Germany.
MATERIALS AND METHODS
Subjects. The subjects of the present study were 313 clinically healthy children (214 males and 99 females) from 6 months to 18 years of age who were admitted to the hospital for minor surgery. Informed consent was obtained from the parents. The adult subjects were 73 healthy blood donors (36 males and 37 females) ranging from 20 to 61 years of age. Only subjects who were free of recurrent infections or inflammation, as assessed by a standardized questionnaire, and whose C-reactive protein concentrations were within the normal limit were included in the study. Peripheral venous blood was drawn after an overnight fast; sera were separated by centrifugation and then stored in aliquots at Ϫ20°C until use. In addition, the numbers of immunizations with tetanus toxoid, Hib conjugate, or pneumococcal polysaccharide were recorded.
ELISA. For the measurement of specific antibodies, commercially available test kits (The Binding Site, Heidelberg, Germany) with precoated microtiter plates were used according to the manufacturer's instructions. Throughout the procedures pyrogen-free water was used to avoid nonspecific background binding (21) .
Tetanus toxoid. The antigen coupled to the microtiter plate was tetanus toxoid from Clostridium tetani.
For calibration, prediluted human sera at concentrations of 7.00, 2.33, 0.78, 0.26, 0.09, 0.03, and 0.01 IU/ml were used. These sera themselves were calibrated against the human tetanus anti-toxin 76/589 obtained from the National Institute for Biological Standards and Control, Potters Bar, United Kingdom. Wells were incubated for 30 min with prediluted (1/100) test sera or calibrators, washed three times, and subsequently incubated with affinity-purified sheep anti-human IgG or anti-human IgG1 antibody coupled to horseradish peroxidase. The optical density generated after incubation of the wells with H 2 O 2 and 3,3Ј,5,5Ј-tetramethylbenzidine for 10 min and sulfonic acid was measured in a spectrophotometer at 450 nm. The concentrations of IgG or IgG1 tetanus toxoid-specific antibodies were determined from the calibration curve. Conversion of IU to milligrams was done by using the following formula: 1 IU/ml ϭ 17 mg/liter.
Hib. The antigen used for detection of Hib capsular polysaccharide-specific antibodies was composed of Hib polyribosyslribitolphosphate oligosaccharides conjugated to human serum albumin. Standard sera were calibrated against human anti-H. influenzae capsular protein polysaccharide (serum lot 1983) obtained from the U.S. Food and Drug Administration. The samples were prediluted 1/50. Affinity-purified sheep anti-human IgG coupled to horseradish peroxidase was used detect bound antibodies as described above.
Pneumococcus capsular polysaccharide. The antigen used in the assay for pneumococcus-specific antibodies was composed of a mixture of capsular polysaccharide serotypes 1, 2, 3, 4, 5, 6B, 7F, 8, 9N, 9V, 10A, 11A, 12F, 14, 15B, 17F, 18C, 19F, 19A, 20, 22F, 23F, and 33F, which is the same composition as that of the licensed 23-valent vaccines. Standard sera were calibrated against human affinity-purified antipneumococcal capsular polysaccharide. Interfering antibodies were absorbed by prediluting the serum (1/100) in a buffer containing pneumococcal cellular wall antigen. After incubation for 30 min and three washing steps, affinity-purified sheep anti-human IgG or anti-human IgG2 antibody coupled to horseradish peroxidase was added. After a washing step, 100 l in H 2 O 2 and 3,3Ј,5,5Ј-tetramethylbenzidine substrate buffer was added to all wells. Absorbance readings and antibody concentrations were determined as described above. 
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Statistics. Antibody titers did not conform to a Gaussian distribution. Therefore, values were log transformed. The geometric mean values and normal ranges (3rd and 97th percentile) were determined. Comparisons between males and females in each age group were accomplished by a Student t test of the log-transformed data.
RESULTS
The anti-tetanus toxoid titers are shown in Fig. 1A , whereas the range of values obtained is detailed in Table 1 . Two peaks of anti-tetanus toxoid antibody levels, 1.20 IU/ml (20.4 mg/ liter) in children at 2 years of age and 1.65 IU/ml (28.1 mg/ liter) in children at 8 years of age, were seen. The minimum protective level is 0.15 IU/ml (32) . This means that 14% of the adult sera tested had levels below this limit. About 80% of the antibodies are of the IgG1 isotype in all age groups (Fig. 1B) . Figure 1C indicates the number of tetanus vaccinations.
The acquisition of anti-Hib polysaccharide antibody can be seen in Fig. 2A . The antibody concentrations showed a level of ca. 2.5 mg/liter for the vaccinated pediatric population. The unimmunized infants below 1 year of age displayed concentrations of anti-Hib polysaccharide antibodies that were Ͻ1.0 mg/ml. For the adults, the geometric mean level was 1.28 mg/liter. Thus, in the adult group, 34% of individuals studied had anti-Hib PRP antibody concentrations that were Ͻ1.0 mg/liter, and 12% were found to have levels of Ͻ0.15 g/liter. Figure 2B shows the number of vaccinations with Hib conjugate vaccine.
The distribution of IgG anti-PCP antibody concentrations in relation to age is shown in Fig. 3A . Geometric mean concentrations were low at age 6 months to 1 year (9.2 mg/liter) and increased steadily to reach adult levels (59.5 mg/liter) at age 8 to 11 years. Anti-PCP antibodies of the IgG2 isotype increased with age (Fig. 3B) . Plateau levels were reached by 3 years of age (13.1 mg/liter) and maintained thereafter. In the young children the antipneumococcal antibodies belonged to the IgG2 subclass, whereas thereafter the proportion of IgG2 antipneumococcal antibodies declines to values of as low as 20%.
Geometric mean concentrations and the putative normal ranges for each of the assays are shown in Table 1 . For all specific antibodies measured there were no differences between male and female participants.
DISCUSSION
Measurement of specific antibodies is an indispensable part of the immunological assessment of patients with suspected immunodeficiency (5, 25) . These measurements can be accomplished with modern, commercially available ELISAs. However, reference ranges are not readily available. The present study was designed to establish the pattern of specific antibody responses to polysaccharide and protein antigens in a large cohort of age-stratified healthy subjects.
The results have to be interpreted with regard to the use of the antigen as vaccines for primary prophylaxis and with regard to the nature of the immunological response elicited by the antigen. Tetanus toxoid is widely used as a vaccine. Two peaks in anti-tetanus toxoid antibody levels were seen in children of 1.20 and 1.65 IU/ml, values corresponding to the schedule of routine childhood immunization in the second year and at 9 years of age (36) . In the adult group, there were a considerable (32) . Approximately 80% of the total anti-tetanus toxoid activity was IgG1, as described before (28) . The ability to respond to antigenic challenge is dependent upon both host and antigen factors (1, 9, 14, 25) . To elicit an antibody response to tetanus toxoid, both cellular and humoral arms of the immune system are involved. The cellular pathway requires antigen processing and presentation, recognition of foreign antigen in association with major histocompatibility complex molecules by T cells, and the synthesis of cytokines. B-cell activation requires antigen recognition by the appropriate B-cell clones, cell division, and differentiation into plasma and memory cells driven by the presence of antigen, cytokines, and T cells. The inability to respond adequately to booster vaccination suggests an immune deficiency that may occur at several different sites in the pathway leading to antibody production (14, 17, 25) . Patients with common variable immunodeficiency were found to respond poorly to tetanus toxoid secondary to defects in T-cell activation and antigen recognition (10, 35) . Although serum-specific antibodies are markers of the humoral arm of the immune response, defects in cellular immunity may be reflected by low antibody titers. Both Hib and Pneumococcus spp. possess a polysaccharide capsule that impairs opsonization and phagocytosis and is responsible for the virulence of the organisms (23) . The ability to produce antibodies to polysaccharide antigens has been correlated with the appearance of a subset of CD21 ϩ B lymphocytes in the splenic marginal zone, which is not seen before the third year of life (26) . This physiological inability to produce antibodies to capsular polysaccharide antigens is associated with an increased risk of infection with encapsulated bacteria. Yet in our study the few unimmunized infants below 1 year of age displayed a low but detectable concentration of anti-Hib polysaccharide antibodies. It is unlikely that these results are due to a low specificity of the assay since precautions were taken to avoid factors lowering assay specificity as endotoxin contamination of reagents or a low dilution of the serum samples (20, 21) . The specificity of the assay is stressed by the finding of a considerable proportion of unimmunized adults with low unprotective anti-Hib antibody concentrations. The low but presumably protective titers found in the unimmunized infants might be explained by persisting maternal antibodies on the one hand and emerging cross-reactive protective antibodies on the other hand (19) . In contrast to the native Hib polysaccharide, a protein-conjugated Hib vaccine behaves physiologically like proteins such as tetanus toxoid (29) and confers an effective protection against Hib to infants. A protein-conjugated Hib vaccine was introduced in Germany in 1990 (36) . As with tetanus toxoid, there was a good correlation between the number of vaccinations and the level of Hib-specific antibodies. Nearly all of the children exhibit a protective titer of Ն0.15 mg/liter, whereas a considerable number of the unvaccinated adults displayed low, unprotective titers. The production of antibodies to conjugated Hib vaccines in patients with common variable immunodeficiency is undetectable (27) . In contrast, some patients diagnosed with more selective immunodeficiencies, such as the selective deficiency of IgG2, particularly in the young, may respond to the conjugated vaccine but not to the polysaccharide capsule itself (15, 16) .
In contrast to H. influenzae, there is at present no routine vaccination against Streptococcus pneumoniae in Germany. Since the assay described here detects 23 serotypes of pneumococcal capsular polysaccharides, the results reflect the natural acquisition of antipneumococcal immunity. However, a value in the normal range in our assay does not necessarily indicate an effective protection against every given strain of S. pneumoniae. First, there are 90 pneumococcal serotypes identified thus far (4). Second, it is known from vaccination studies that the response to the pneumococcal serotypes is heterogeneous between individuals even of the same age group (34) and third our assay might detect nonopsonic antibodies. The main proportion of nonopsonic and hence nonprotective antibodies are directed against the cell wall of S. pneumoniae (6) . In our assay, preincubation of the serum eliminates the cell wallspecific antibodies by absorption. However, it was recently demonstrated that the capsular polysaccharides of different serotypes share common epitopes which induce nonprotective antibodies. These antibodies can be excluded by preabsorption with one of the polysaccharides, for instance, serotype 22F (6, 33) . However, there is strong evidence that the epitopes re- sponsible for a cross-reaction between capsular polysaccharides of different serotypes are also carbohydrate antigens in nature (6) . Given the purpose of our assay to discriminate patients who are able to respond to carbohydrate antigens from those with an immunodeficiency, the limitations mentioned above will not restrict the usefulness of the assay.
In accordance with previously published data (3, 12, 13, 30) IgG pneumococcal capsular polysaccharide-specific antibody levels show a slight decline during the first year of life, presumably due to the loss of maternal antibodies. They remained low until 3 to 4 years. Interestingly, in this age group antipneumococcal antibodies belong to the IgG2 subclass, whereas thereafter the proportion of IgG2 antipneumococcal antibodies declines to values as low as 20%. The reason for this observation is not clear; it cannot be excluded, however, that activation requirements and thus the secreted IgG isotype of long-lived memory B cells differs from naive B cells (24) .
The calculated normal ranges allow individuals who have very low levels to be identified for further study. However, a significant number of healthy individuals have low levels of specific antibodies. Vaccination should be considered in individuals with low levels of specific antibodies. In normal individuals, specific antibodies should increase by at least threefold in response to the polyvalent pure pneumococcal vaccine and the protein-conjugated Hib vaccine (27) and 20-fold in response to tetanus toxoid (22) .
